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AN ATTEMPT TO TEST THE NEBULAR HYPOTHESIS 
BY THE RELATIONS OF MASSES AND MOMENTA 

IN a paper entitled "A Group of Hypotheses Bearing on 
Climatic Changes,"1 read before the Geological Section of the 
British Association for the Advancement of Science at the 
Toronto meeting in 1897, I assigned reasons for doubting the 

Laplacian hypothesis of the origin of the solar system, based on 
deductions from the kinetic theory of gases. These doubts had 
arisen in the course of certain atmospheric studies springing 
from the problem of ancient glaciation. The complete demon- 
stration by the geologists of the far Orient that extensive ice 
sheets developed on the borders of the torrid zone in India, 
Australia and South Africa during a late stage of the Paleozoic 
era had made it imperative to seriously reconsider inherited 
views relative to the nature of the earth's early atmospheres, 
and this in turn forced an inquiry into the current postulate of a 

primitive, vast, gaseous envelope exceptionally rich in carbon 

dioxide; for the special heat-absorbing qualities of this constitu- 
ent render it doubtful whether its presence in large amount is 

compatible with glaciation. The inquiry led to the application 
of such tests as could be derived from the doctrine of molecular 
velocities. As the result of such application it appeared quite 
impossible that a hot gaseous ring formed of the matter of the 
earth and moon, and having the dimensions postulated by the 

Laplacian hypothesis, could retain its water vapor and atmos- 

pheric gases, for its gravitative control over these was found 
to be far below what was necessary to overbalance their molecu- 
lar velocities. It appeared very doubtful whether any of the 
matter of the ring, even that having the lowest molecular veloci- 
ties, could be retained at the postulated temperatures and tenu- 

ity. The test seemed altogether decisive against the Laplacian 
hypothesis if the kinetic theory be true and the computed 

1 Published in full with supplementary tables in the JOUR. GEOL., Oct.-Nov., 
1897, pp. 652-683. 
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molecular velocities essentially correct. However, the kinetic 

theory is perhaps not yet beyond its trial stages, though it is 

probable that the essential postulates involved in the doctrine 
of molecular velocities are true whatever the precise interpreta- 
tion of the facts may be. There is an accord between the 
doctrine and the facts in the solar system which strengthens this 
conviction. There is an absence of atmosphere from all satel- 
lites and asteroids, so far as can be determined. The planet 
Mercury has little or no atmosphere. The small planet Mars 
has but a thin atmosphere. The Earth and Venus have consid- 
erable gaseous envelopes, while Jupiter and Saturn appear to 
have vast and deep atmospheres; in short, there is a general 
correspondence between the mass of the atmosphere and the 

gravitative competency of the body. In still further evidence is 
the essential absence of the lightest gases, hydrogen and helium, 
from the earth's atmosphere.1 The former, to be sure, is chem- 

ically active, but the latter is very inert. 

Notwithstanding the apparent strength of the molecular 

argument, other tests, based on quite independent grounds, are 
desirable. The more is this true since a modification of the form 
of the Laplacian hypothesis in which a lower temperature and a 
meteoroidal state are postulated deprives the molecular argu- 
ment of much of its bearing. It is true that this change in the 

hypothesis when carried out consistently in its full application 
permits, if, indeed, it does not require, a revision of some of the 
fundamental doctrines of current geology, such as the former 
molten state of the earth and the long train of doctrines that 

hang upon this. So profound is the influence of this primal con- 

ception of a molten earth upon the dynamical conceptions and- 
historical interpretations of the earth's evolution that every 
source of light bearing upon it has an importance we can 

scarcely realize at present. 
1"On 1"On the Cause of the Absence of Hydrogen from the Earth's Atmosphere and 

of Air and Water from the Moon," by Dr. Johnstone Stoney, Royal Dublin Society, 
1892. Also "Of Atmospheres upon Planets and Satellites," by the same, Trans. Roy. 
Dublin Society, Vol. VI, Part 13, Oct. 25, 1897; also "A Group of Hypotheses Bear- 

ing on Climatic Changes," by T. C. Chamberlin, JouR. GEOL., Vol. V, No. 7, Oct.- 
Nov., 1897. 
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The laws of dynamics afford a firm ground of inquiry so far 
as they can be brought into service. As applied to mass and 
momentum they are rigorous, and so far as they can be covered 

by satisfactory computation they are decisive. The purpose of 
the present paper is to set forth the results of an attempt to 

apply these laws to the nebular hypothesis in certain ways that 
are more or less unfamiliar. These results are the outcome of 
a joint inquiry by Dr. F. R. Moulton and myself. They are a 

part of the results of a more or less continuous study on related 
themes lying on the border-land of geology and astronomy, run- 

ning through the past three years. Our relations have been so 
intimate and our exchanges of ideas so free and so frequent that 
it is impossible to apportion the responsibility for the various 
methods adopted and the modes of carrying them out. The 

higher mathematical work is, however, to be credited to Dr. 
Moulton. It has perhaps been my function in the main to for- 
mulate problems and suggest general modes of attack, and Dr. 
Moulton's to devise methods of analysis and bring to bear the 
mathematical principles of dynamics, but this has not been uni- 

formly so. Quite often we have proceeded by successive alter- 
nate steps in which each was the parent of its successor. In a 

paper in the Astrophysical Journal published essentially concur- 

rently with this, by mutual understanding, Dr. Moulton dis- 
cusses not only the bearings of the ratios of masses and momenta 
treated in this paper, but several other modes of testing the 
nebular hypothesis, some small part of which have been touched 

upon in my previous papers and some of which will be discussed 
in these pages later. The mathematical treatment of the present 
theme will be found in Dr. Moulton's paper. 

For convenience and definiteness, the treatment here will be 
based on the Laplacian phase of the nebular hypothesis, but the 
conclusions will be found applicable, in all essential respects, to 
such meteoroidal modifications of the hypothesis as postulate a 

spheroidal form controlled by the laws of hydrodynamic equilib- 
rium. 
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I. Comparison of the moment of momentum of the nebular system 
with the moment of momentum of the present system.-It is a firmly 
established law of mechanics that any system of particles of any 
kind whatever rotating about an axis retains a constant moment 
of momentum whatever changes of form or arrangement the 
matter may undergo by virtue of its own interaction. To make 
this law rigorously applicable to the solar system evolving along 
Laplacian lines, the influence of external and of incoming bodies 
must be excluded. Foreign meteoroidal matter has doubtless 
been added constantly to the system during its evolution, but 
the amount of this is assumed to be negligible; and if it were not, 
the law of probabilities would render its effect upon the rotation 
of the system an essentially balanced one, and hence immate- 
rial. The following argument proceeds upon the Laplacian 
assumption that the system evolved through the operation of its 
own inherent dynamics. On this assumption the sum total of 
rotational and revolutionary momentum must have been the 
same at all stages of the system's evolution. 

The following table gives the masses and the present moments 
of momenta of the several members of the solar system and of the 
whole system. They are taken from Darwin's paper, "On the 
Tidal Friction of a Planet attended by several Satellites and on 
the Evolution of the Solar System,"1 and are employed in the 

subsequent computations. The masses assigned the planets 
embrace those of the attendant satellites. 

Body Masses (Earth i) Moments of Momenta (Darwin) 

Sun - 315,511.00000 
.444 Laplace's density law (Min.) 
.679 Homogeneous density (Max. 

Mercury - .06484 .00079 
Venus - .78829 .01309 
Earth - - 1.00000 .01720 

Mars - .10199 .00253 

Jupiter - 301.09710 13.46900 
Saturn - 90.10480 5.45600 
Uranus - 14.34140 1.32300 

Neptune - 16.01580 1.86600 

Solar System 315,934.51422 22.53161 (Mn.) 
22.76661 (Max.) 

1 Phil. Trans. Roy. Soc., Part 11, 188 1 PP. 516, 517. 
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The distribution of density in the sun is unknown. If it 
follows Laplace's law the rotatory momentum is .444. If it be 

regarded as homogeneous, the rotatory momentum is .679. This 
latter is certainly too large, and the former number is probably 
much nearer the truth, but the larger number is used in the 

greater part of the computations because it is more favorable to 
the Laplacian hypothesis. 

To obtain the rotatory momentum of the ancestral nebula it is 

necessary to consider its form, extent, and the variation of its 
internal density. By hypothesis the form was an oblate sphe- 
roid, but the exact degree of polar flattening is unassigned. 
Simple inspection, as well as mathematical analysis, shows that 
a given mass of matter rotating as a sphere will have a less 
moment of momentum than when it takes the form of an oblate 

spheroid, the time of rotation and other factors being equal. If 
a yielding sphere be rotated it takes the spheroidal shape because 
that is the form of equilibrium for the added rotational momen- 
tum, and is an expression of such addition. To give the 

Laplacian hypothesis the benefit of every doubt, the moment of 
momentum of the nebula is computed on the basis of a sphere. 
So also to favor the hypothesis, the nebula is made to reach 

merely to the orbit of the derived planet, not to extend beyond 
it as is usually and necessarily assumed. In computing the rota- 

tory momentum of the whole nebular mass just before Neptune 
was separated, it is assumed that it reached only to Neptune's 
orbit, whereas the nebular border must probably have extended 
some 500 million miles beyond. 

As this question of the distribution of the matter from which 
the planets were formed under the Laplacian hypothesis has 
other applications, it may be remarked here that in the forma- 
tion of a planet from a ring of dispersed matter the plahet must 
assume such a point within the ring as to preserve the moment 
of momentum of the mass. In a symmetrical ring this point is 
somewhere near the center of the cross section. Though sub- 

ject to some qualifications from the greater circumference of 
the outer part and the possibly greater density of the inner part 
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and other contingencies, it will be sufficiently accurate for the 

purposes of this discussion to assume that the planets were 
formed in the centers of their respective rings, and that the 

space appropriate to each planet reached half way to the 

neighboring planets. 
The more important consideration, however, in determining 

the rotatory momentum of the ancestral nebula is the distribution 
of its internal density. Our method has been to compute this 
on the basis of the recognized laws, using in particular the 
formula of Lane, and to compare results with the previous deter- 
minations of mathematicians and physicists.1 

The distribution of density in such a nebulous sphere has 
been the subject of investigation by Lane, Ritter, G. W. Hill, 
George Darwin, Lord Kelvin, and 

others.- 
The results reached 

by all are in substantial agreement, though somewhat different 

analytical methods were followed. In obtaining the final numer- 
ical results used in this paper, the distribution of density found 

by Darwin was adopted. The method of computation is given 
in Dr. Moulton's paper in the Astrophysical Journal. 

When the solar nebula extended to the orbit of Neptune and 
embraced the matter of the whole system and had a rotation 

1 The laborious work of making the computation was undertaken by Mr. C. F. 
Tolman, Jr., under the direction of Dr. Moulton, and preliminary results were 
obtained by him, but before these had been sufficiently verified he was called to a 

position whose immediate requirements prevented the completion of the desired veri- 
fication. For this reason, and for the obvious advantage of resting the present argu- 
ment as far as possible on the computations of an acknowledged authority, results 

reached by Darwin, which are applicable to a gaseous or meteoroidal nebula in con- 
vective equilibrium, have been adopted. 

2 LANE: On the Theoretical Temperature of the Sun under the Hypothesis of a 
Gaseous Mass Maintaining its Volume by its Internal Heat, and Depending on the 

Laws of Gases as Known to Terrestrial Experiments, Am. Jour. Sci., Vol. XLIX, pp. 
56-74, 1870. 

RITTER: Untersuchen fiber die Hohe der Atmosphiire und die Constitution 

gasformiges Weltkoper, Wiedemann's Annalen (New Series), Vol. XVI, 1882, p. 166. 
G. W. HILL: Annals of Mathematics, Vol. IV, 1888. 
DARWIN: On the Mechanical Condition of a Swarm of Meteorites, and on the 

Theories of Cosmogony, Trans. Phil. Soc., 1888. 
KELVIN: On the Origin and Total Amount of the Sun's Heat, Popular Lectures 

and Addresses, 1891. Constitution of Matter, pp. 370-429. 
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equal to the angular velocity of Neptune, its computed moment 
of momentum was 4848.055, while the present moment of 
momentum is 22.7666. The unit 

.is 
an arbitrary one arising from 

the selection of convenient initial units. In this paper, Moul- 
ton's unit is converted into Darwin's unit, for convenience of 

comparison. It appears, therefore, that notwithstanding the 
concessions to the Laplacian hypothesis by which the present 
moment of momentum was made too large, and the nebular 
moment of momentum too small, the latter is still 213 times 

larger than the former. The dynamical law that demands con- 

stancy of moment of momentum is not even remotely fulfilled. 
A more rigorous computation, following the probabilities of the 
case without regard to its bearings on the Laplacian hypoth- 
esis, would increase the discrepancy. 

Individual discrepancies.-Not only does the law fail of realiza- 
tion when the present system taken as a whole is compared with 
the ancestral nebula, but also in a comparison between the 
successive nebular stages and the corresponding parts of the 

present system. For example, the computed rotatory momentum 
when the nebula extended to Jupiter's orbit, and included the 

Jovian mass, was 1996.420, while the moment of momentum of 
the present system, minus the moment of momentum of Neptune, 
Uranus, and Saturn, is 14.1816. The discrepancy here is more 
than 140 to I. 

When the nebula extended to the earth's orbit, and included 
the terrestial mass, its moment of momentum was 857.330. 
The moment of momentum of the Earth, Venus, Mercury, and 
the sun, by hypothesis formed from this nebula, is only .7 1008. 
In this case the excessive estimate of the sun's moment of 

momentum, due to the assumption of homogeneity, introduces a 

disproportionately large error, and yet the discrepancy is 1208 to 
I. Computing the sun's moment of momentum on the basis of 

Laplace's law of destiny, the discrepancy is ISoi to I. 
When the nebula extended to Mercury's orbit, and included 

this planet's mass, its moment of momentum was 512.290, while 
the moment of momentum of Mercury and the sun (excessively 
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estimated) is 0.67979, making the discrepancy 754 to I. On the 
more probable basis of Laplacian solar density the difference is 

1127 to I. 

From these data it appears that there is not only a funda- 
mental and pervasive discrepancy between the computed nebular 
momentum and the actual present momentum, but there is also 
a strange irregularity in the discrepancies themselves. A funda- 
mental error in the analytical work, or in the assumptions on which 
it is based, should give a systematic error, or at least a graded 
series of errors. But the discrepancy shown is not systematic 
or even graded. Not only are the discrepancies enormously 
large in themselves, but their irregularities are also large. This 
will appear better by bringing them together into a table. 

Nebular M. of M. Present M. of M. Ratios. 

Neptunian stage, 4848.055 .............. 22.76661 213 to I 

Jovian " 
1996.420 ............... 14.18161 141 to I 

Terrestial " 
857.330 .............. 0.71008 1208 to I 

Mercurial " 
512.290 ............... 0.67979 754 to I 

2. Can these discrepancies be due to a radical error in the law 

of density ?-It is certain that Boyle's law is not rigorously appli- 
cable to gases under all conditions, and it is pertinent to inquire 
whether any deviation from it can account for the discrepancies 
which the foregoing computations reveal. The researches of 

Amagat: and others have shown the nature of the deviations 
within the limits of experimental tests and Van der Waals' law 
furnishes a basis for the theoretical extension of these results to 
other conditions. 

Near the temperatures of liquefaction the density increases 
faster than the law requires. Obviously the exterior of the 
nebula would be effected by lower temperature than its interior 
and would be most influenced by this variation so far as depend- 
ent on low temperatures. As the peripheral portion carries the 

largest part of the rotatory momentum any increased density there 

through failure of Boyle's law would increase the discrepancy. 
1 WULLNER: Experimental Physik. Tables. Vol. I, p. 542. 
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In the interior of the nebula the temperatures were probably 
far above the critical temperatures of all known substances, and 
this renders it improbable .that central liquefaction prevailed 
during the nebular stages; indeed the very dispersion of the 
matter into so vast a volume as the Laplacian hypothesis postu- 
lates may perhaps be taken as an implicit assertion of the domi- 
nance of the gaseous laws throughout the mass. This is certainly 
the view of its ablest exponents. Lord Kelvin speaking of a 

globular gaseous nebula (selected to represent the primitive neb- 

ula), having the mass of the solar system and a radius forty 
times the radius of the earth's orbit, says: "The density in its 
central regions, sensibly uniform throughout several million kilom- 

eters, is one twenty-thousand millionth of that of water; or 
one twenty-five millionth of that of air."1 Similar determinations 

may be found in the more elaborate computations of Darwin for 

varying dimensions of the nebula.2 We are therefore apparently 
not dealing with densities, even in the central parts, greater than 
those covered by experimental evidence. 

Besides, the present distribution of matter in the solar system 
offers an independent argument against any great central lique- 
faction, until after the earth was separated at least, for, by hypoth- 
esis, the earth was formed from the extreme equatorial periphery 
of the nebula, but the larger part of its material is of the most 

refractory kinds known and would pass into the liquid and solid 
states early in the history of condensation. There seems little 

ground therefore for assuming any effective condensation of the 
central matter of the nebula during at least the early stages of 

planetary evolution. 
On the other hand, experimental evidence and theoretical 

deductions alike indicate that under very high pressures, where 
the temperature is also above the critical point, the density fails 
to increase as fast as the pressure. As these are the assigned 
conditions of the central part of the nebula, any failure of the 
law in this direction would increase the discrepancy. 

1 Popular Lectures and Addresses, I. Constitution of Matter, p. 419. 
2 On the Mechanical Conditions of Swarms of Meteorites, and on Theories of 

Cosmogony, Phil. Trans. Roy. Soc., 1888. 
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It does not appear therefore that there are good grounds for 

assuming a failure of the recognized law of density in such a 
direction as to relieve the great discrepancy shown by the com- 

putations. In any case there is the gravest reason to doubt 
whether it could reach a value represented by a multiplier 
ranging from 140 to 1200, not to say 1800. 

But even if an arbitrary attempt were made to reduce the 

computed moments of momenta to consistency with those of the 

existing system, it is not apparent how it could be attended with 
success and preserve self consistency. The discrepancies are: 

For the Neptunian nebula - - - - 213 to I 

For the Jovian " - - - - 141 to I 
For the Terrestial " - - - - - 1208 to I 

(or on the more probable basis) - - 1801 to I 
For the Mercurial nebula - - - - 754 to I 

(or on the more probable basis) - - 1127 to I 

Now any deviation from the recognized law must be supposed 
to be consistent for analogous conditions. If therefore we assume 
such a modification as to bring the moment of momentum of the 

Neptunian nebula into equality with the present moment of 

momentum, we must assume that a similar modification held 

good for all the subsequent stages, either in the same proportion 
or in some systematically increasing or decreasing proportion. 
But the ratios succeed each other in a very arbitrary way, and 
the Neptunian divisor will not bring the others into accord, nor 
will any obvious series of divisors built systematically upon it. 
Were the computation extended to the other nebule, additional 
irreducible irregularities would doubtless appear. 

3. The ratio of masses to momenta.-In the symmetrical 
evolution of a spheroidal nebula by secular cooling, as postu- 
lated in the Laplacian hypothesis, it is reasonable, if not neces- 

sary, to suppose there would be some systematic and rational 

relationship between the masses separated from time to time and 
the moments of momenta of these masses, for the separation was 
due to a common progressive cause, the acceleration of rotation. 
The hypothesis may therefore be tested along these lines. In 
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the test here applied the question of nebular density does not 

enter, and certain assumptions that might be made to meet the 

previous discrepancies are here checked. 

Just previous to the hypothetical separation of the Jovian 
ring from the solar nebula the moment of momentum of the 
latter, reckoned from the present momenta of its derivatives, was 

14.1816, if the sun be regarded as homogeneous, or 13.947, if 
the sun's density followed Laplace's law which is probably much 
nearer the truth. Of this, Jupiter now has 13.469. Neglecting 
for the present subsequent transfers of momentum, it follows that 
when the Jovian ring separated it carried away 13.469/14.182 or 
about 95 per cent. (94-97 per cent.) of the total moment of momen- 
tum of the nebula (or 96.57 per cent. on the more probable basis). 
Now the mass of Jupiter's ring was 1/1049 of the parent nebula, or 
less than one tenth of I per cent. It thus appears that the unquali- 
fied Laplacian hypothesis involves the implicit assertion that in 
the formation of the Jovian ring less than one thousandth of the 
mass carried away 95 per cent. of the moment of momentum. Is 
this possible in a spheroid of gaseous or quasi-gaseous material 
in convective equilibrium ? One nineteen-thousandth more of 
the mass thrown off with an equal proportion of rotational 
momentum would have exhausted the supply. Apparently the 
minor planets had a narrow escape from not being at all. 

Similar but not uniform disparities appear in a comparison 
of the masses and momenta of the other planetary rings with 
their parent nebulae. In such a comparison also the great dis- 

parities in the planetary masses become conspicuous. 
The mass of the Neptunian ring was about five thousandths 

of I per cent. of its nebula and by hypothesis it carried away 
about 8 per cent. of the moment of momentum of the nebula. 

The mass of the Uranian ring was four and a half thousandths 
of I per cent. of its nebula. It hypothetically carried away 6 

per cent. of the nebular moment of momentum. 
The mass of the Saturnian ring was less than a third of a 

hundredth of I per cent. of its nebula and yet it carried away 27 
per cent. of the nebular moment of momentum. 
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The mass of the Martian ring was three hundred-thousandths 
of 1 per cent. of its nebula, and yet it took away 0.35 per cent. 
of the moment of momentum of the nebula. 

The mass of the Terrestrial ring was less than a third of a 
thousandth of 1 per cent. of its nebula, and it carried away 2.4 

per cent. of the nebular moment of momentum. 
The mass of Venus' ring was about one fourth of a thousandth 

of 1 per cent. of its nebula, and it carried off 1.89 per cent. of 
the nebular moment of momentum. 

The mass of the Mercurial ring was only about one fifth of a 
ten-thousandth of 1 per cent. of its nebula, and it hypothetically 
carried off 0.12 per cent. of the nebular moment of momentum. 

Not only are these ratios very extraordinary in themselves, 
but their relations to each other seem scarcely less remarkable. 
This will appear more apparent when they are gathered into a 
table and referred to a common unit. This unit is one one- 
hundred-thousandth of 1 per cent of the individual nebular 
mass. It will be seen that on this proportional basis, the moments 
of momenta range through a gamut of more than ten points, 
the proportion of Mars being more than ten times that of its 

neighbor Jupiter. 

Percentage of M. of 

Ring Percentage of mass Percentage M. reduced to basis 
of its nebula of M. of M. of .00001% of nebu- 

lar mass. 

Neptunian .................. 0.00507 7.93 .0156 
Uranian ..................... 0.00454 6.31 .0139 
Saturnian .................... 0.02852 27.78 .0098 
Jovian ...................... 0.09530 94.97 .00996 
Martian ...................... 0.0000323 0.36 .1099 
Terrestrial ................... 0.0003160 2.42 .0766 
Venus ....................... 0.0002495 11.89 .0755 
Mercurial .................... 0.0000205 0.12 .0566 

There seems to be no systematic variation in these. It is 
furthermore remarkable that, high as is the ratio of Jupiter's 
moment of momentum to the parent nebula, it is proportionately 
surpassed in most other cases. 

4. Can these high ratios of the moments of momenta of the planets 
to the residual nebulæ be attributed to transfer of moment of momentum 
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from the sun by tidal friction?--Darwin has made familiar the 

principle of the transfer of the moment of momentum of a rotat- 

ing body to its satellite by his classic investigation of the 
evolution of the earth-moon system. Applying this principle 
to the solar system, is it possible to explain the low rotatory 
momentum of the sun and the high moments of momenta of 
the planets by a transfer of momentum from the former to the 
latter? 

The most obvious and tangible effect of solar tidal friction 
on the planets is to destroy their rotations. The patent fact 
that most of them still retain high speeds of rotation is a 

physical expression of the limitations of past tidal action. 
Darwin has computed the rotational momenta of all the 

planets that afford the requisite data and also the revolutionary 
momenta of their satellites.1 Making a generous allowance for 
the unknown and uncertain factors and counting in unnecessarily 
the orbital momenta of the satellites, the whole internal 
momentum of the planetary systems falls short of a thousandth 

part of the sun's rotational momentum computed on the minimum 
basis. This means that to have reduced the sun's rotational 
momentum from twice the present amount to the existing status, 
and to have transferred this to the planets, more than a thousand 
times the total rotatory momentum of all the planets must have 
been destroyed. But this would be only a slight step toward 
the adjustment contemplated. 

To realize what might be necessary, if the foregoing nebular 

computations are well founded, let the matter of the solar system 
be converted into a gaseous nebula in hydrodynamic equilibrium 
extending beyond the orbit of Neptune; let this nebula be 

given the moment of momentum of the present solar system, 
and then let it contract by cooling, with the development of 
accelerated rotation, as postulated in the Laplacian hypothesis. 
An inspection of the foregoing data will show that the centrif- 

ugal force would not become equal to the centripetal force until 
the nebula had shrunk far within the orbit of Mercury. The 

1 On the Tidal Friction, etc., pp. 519-523. 
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tidal problem then becomes the dispersal of the planets from 
this central position to their present places. 

Concerning the competency of the solar tides to alter the 
orbits of the planets (and hence their moments of momenta), 
Darwin says:1 "It may be shown that the reaction of the tides 
raised in the sun by the planets must have had a very small 
influence in changing the dimensions of the planetary orbits 
around the sun. From a consideration of numerical data with 

regard to the solar system and the planetary subsystems, it 

appears improbable that the planetary orbits have been sensi- 

bly enlarged by tidal friction since the origin of the several 

planets." Again, he says:2 "If the whole of the momentum 
of Jupiter and his satellites were destroyed by solar tidal fric- 
tion, the mean distance of Jupiter from the sun would only be 
increased by one twenty-five hundredth part. The effect of the 
destruction of the internal momentum of any of the other planets 
would be very much less." And again:3 "The present investi- 

gation shows, in confirmation of preceding ones, that at this 

origin of the moon the earth had a period of revolution about 
the sun shorter than at the present by perhaps only a minute 
or two, and it also shows that since the terrestrial planet itself 
first had a separate existence the length of the year can have 
increased but very little, almost certainly by not so much as an 
hour, and probably by not more than five minutes." 

Aside from the quantitative difficulties there are formidable 

qualitative ones growing out of the proportional distances of the 

planets and the enormous lapses of time involved in a tidal 

retrogression of the planets through the postulated distances. 
Conclusions.-The general result of the inquiry is to show, if 

we have not somewhere fallen into error, various relationships 
of mass and momentum which are seemingly altogether incom- 

patible with an evolution of the solar system from a gaseous 
spheroid controlled by the laws of hydrodynamic equilibrium 

1 Encyclopedia Brittanica, Article "Tides," p. 380. 
2 On the Tidal Friction, etc., p. 524. 
3 Loc. cit., p. 533. 
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and developing by secular cooling. The argument is equally 
cogent against an evolution from a meteoroidal spheroid con- 
trolled by the laws of convective equilibrium, such, for example, 
as that made the subject of investigation by Darwin in his 
memoir: "On the Mechanical Conditions of a Swarm of 
Meteorites and on Theories of Cosmogony." 

The results point to an unsymmetrical distribution of matter 
and of momentum. It should go without saying that we assume 
a nebular origin in the broad sense of the term, but the inquiry 
seems to show that the original form of the nebula and the 
mode of its development are to be sought on new lines. The 

foregoing data seem to constitute criteria of a rather rigorous 
nature to which a working hypothesis must conform. They are 

thereby aids in the construction of a tenable hypothesis. They 
seem to require the assignment of some mode of origin by 
which the peripheral portion of the system acquired all but a 
trivial part of the moment of momentum, while it possessed but 
a trivial part of the mass. The first suggestion of these con- 
clusions was the possible formation of the system by the collision 
of a small nebula upon the outer portion of a large one, the 
smaller one having necessarily a high ratio of momentum to 

mass, while the larger one may have had little or no rotatory 
momentum, or even an adverse rotation. The low degrees of 

ellipticity of the present orbits seem to present grave difficulties 
in the framing of a consistent hypothesis of origin along this 

line, but these may not prove insuperable. 
The results also naturally turn thought anew toward existing 

nebula for an exemplification of the evolution of the solar system. 
It is not a little significant that of the thousands of nebula now 
known no one, I believe, closely represents the annular process; 
certainly none represents the secondary annulation coincident 
with the primary. To bring the current hypothesis into con- 

sistency with observed nebular states, it seems necessary to 

assign it to so late a stage of concentration and to such small 
dimensions as to be beyond observation--at most, a hypothetical 
resort. 
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Following a purely naturalistic and inductive method, it 
would seem that the spiral nebulæ, whose abundance is attested 

by the recent notable success of Professor Keeler in photograph- 
ing numerous small ones, offer the greatest inherent presump- 
tion of being the ancestral form. While present knowledge of 
their dynamics is almost inappreciable, the suggestions of their 
forms and the distribution of their matter do not seem neces- 

sarily incompatible with the criteria deduced in this inquiry. 
Both these suggestions are obviously very immature, and 

have their sole justification in a natural reluctance to offer 
destructive results only--a reluctance intensified by an acute 
consciousness that the hypothesis against which they are directed 
is perhaps the most beautiful and fascinating ever offered to the 
scientific public. 

T. C. CHAMBERLIN. 
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